A hybrid micro-accelerometer system consisting of a new bulk Silicon-On-Glass (SOG) lateral capacitive microaccelerometer and a CMOS interface circuit is presented.
INTRODUCTION
High precision micro-accelerometers are increasingly needed in applications such as inertial navigation, seismology, and micro-gravity measurements [ 11. Capacitive micro-accelerometers have several advantages such as high sensitivity, stable dc-characteristics, low drift, low power dissipation, and low temperature sensitivity. One of the important requirements for accelerometers is acceleration resolution [2] , which is output noise spectral density [V/t/Hz] divided by sensitivity of a system [V/g] times bandwidth of operation [ &z] . A few out-ofplane (zaxis) micro-accelerometers which provide 10's of pg resolution have been developed [3, 41. In order to reduce noise and increase sensitivity, these sensors utilize full wafer thickness or multiple wafers bonded for their proof mass, and a thin sacrificial layer to form sensing gap. However, it is not feasible to implement these techniques to in-plane (x or y-axes) sensors that are sensitive to acceleration parallel to the sensor substrate because of the relatively large sensing gap.
Although surface micromachined accelerometers can be integrated with interface electronics to improve performance, due to their small mass they typically have a noise floor 1OOpg-lmg/dHz [5, 61. In order to overcome this limit, bulk micromachined or SO1 accelerometers utilizing DRIE technology have been developed [7, 81. These accelerometers utilize 25-70pm thick single-crystal silicon proof mass to reduce overall system noise. Nevertheless, these accelerometers either do not provide high enough resolution to satisfy an inertial grade performance or have complicated fabrication process and large parasitics. In this paper we report a low noise, high sensitivity lateral bulksilicon accelerometer, with a simple fabrication process, which is interfaced in a hybrid fashion with a customdesigned switched-capacitor readout circuit. Figure 1 shows the proposed lateral accelerometer structure. The accelerometer has a l2Opm-thick proof mass that is suspended over a glass substrate. It is quite simple and utilizes the well-known lateral combs for sensing and force feedback, except that it has a very large proof mass and sense capacitance because of the large thickness of the device structure realized using DRIE. 
SENSOR DESIGN

Performance optimization
In order to achieve inertial-grade performance, an accelerometer is designed for maximum electrical sensitivity and minimum mechanical noise based on the allowable features of the process and device dimensions. One of the critical specifications that are required for inertial grade performance is pg resolution. Resolution is defined by two factors: noise floor and sensitivity. The total noise
where KB is the Boltzmann constant, Tis the temperature in kelvin, D is the damping coefficient, M is the mass of proof mass, n is the number of sense finger pairs, 1-sense and h-sense is the length and height of the sense finger, respectively, do is the sensing gap distance, and t g m is the thickness of the proof mass. For conventional lateral comb scheme, as shown above, D is heavily dependent on the height of the sense finger and the sensing gap distance.
The other factor determining the resolution is sensitivity [ V/g], which has two components: sensitivity of the sensor [F/gJ and that of the readout electronics [V/fl. In sensor design phase, the sensitivity of readout electronics is not a variable parameter. Thus, only the sensitivity of the sensor is taken into account. The static sensitivity of the accelerometer can be expressed as:
Mass of proof mass Resonant frequency Thickness of proof mass
2.14 kHz 120 pm
Eq. 2
Sense capacitance where c0 is the permittivity of air, A is sensing area, and K is spring constant. By using equations 1 and 2, we can define an object function (Sensitivity / TNEA) which is maximized to obtain the highest resolution. As evident, there are only 6 parameters which contribute to the object function for conventional lateral comb drive accelerometers. Also Equation 3 clearly shows that increasing the thickness of the proof mass is more effective than changing the other parameters. However, as the thickness increases, it becomes more difficult to obtain a narrow and uniform gap between sense fingers, which is limited by the DRIE capability to achieve vertical etching profiles. Therefore, these 6 parameters are optimized under allowable features of the fabrication process and specifications of the sensor. The specifications of the sensor can be listed as mechanical dimensions, physical characteristics, and electrical properties. Mechanical dimensions are length and width of the proof mass, size of a die, etc. Physical characteristics are resonant frequency, cross axis sensitivity, quality factor, and shock resistance. Electrical properties are cut off frequency and sense capacitance. These 6 parameters are optimized by using MATLAB under various dependent parameters constrained by the specifications of the sensor. Figure 2 shows two optimization results. Here, the sensitivity is calculated with TNEA of 1 Opg/dHz. 
Verification usinn FEM simulation
Since optimized parameters are calculated based on first order equations, FEM simulation (ANSYS) is used for further verification. Figure 3 shows the resonant frequencies of the micro-accelerometer. As can be seen the lst mode resonant frequency is 2.14kHz, giving a spring constant of 93.5 N/m. The resonant frequencies for 2"d and 3rd modes are 14.6kI-I~ and 22.9kHz, respectively, which are much larger than the lst mode, resulting in low cross-axis sensitivity as expected. Cross axis sensitivities for x-, and z-axes with respect to y-axis can be calculated using the following equation: 
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To determine the cross axis sensitivity, two-stage simulation is performed. First, a l g acceleration is applied both on the sense axis (y-axis) and the x-axis, simultaneously. Next, 2g acceleration is applied on x-axis while maintaining the l g acceleration on y-axis. Table 2 summarizes the deflections for each mode under these conditions. Cross axis sensitivities for x-and z-axes are calculated as -79dB and -75dB, respectively. Shock resistance is also simulated to evaluate if the device is robust enough against external unexpected shocks. Since proof mass movement is constrained for the sense axis, an external shock does not destroy the sensor. For xand z-axes, a lOOOg external shock is applied. The maximum stresses occur at the edge of the suspension beams as expected, which are 10.4MPa on x-axis, 98.6MPa on z-axis, respectively, as seen in Figure 4 . Since the fracture stress for single crystal silicon is 7.0GPa, the results show that the sensor should be able to survive under a lOOOg shock.
FABRICATION
The fabrication process has only 5-steps, requiring only 3 masks. Figure 5 shows the fabrication sequence. First, a glass substrate with a shallow recess is anodically bonded to a standard silicon wafer ( Figure. 5 a, b ). The silicon wafer is then thinned to 120pm using standard CMP ( Figure. 5 c) .
Metal contacts are evaporated and patterned, and finally the wafer is DRIE etched to define the proof mass and sensing fingers ( Figure. 5 d, e) . This process is simple, requires no special steps other than DIUE, and does not require any high-temperature processing.
The glass substrate is insulating which reduces parasitics, facilitating interfacing with a hybrid circuit. Figure 5 . Fabncation sequence Figure 6 shows SEM view of the accelerometer, and a close-up cross-sectional view of one of the sense fingers. The sensor dimensions are 2.2x3.Ox0.12mm3. The finger!; are -100pm tall, and the sensing gap is -3.2pm. One of the problems in a DRIE process is microloading effect, which creates structures in different thickness for proof mass and sense fingers, resulting in reduced sensitivity. In addition to the loss of the thickness, the vertical etch profile is compromised. This causes nonlinearity of the response of the accelerometer. In order to overcome this problem, before bonding the silicon wafer to the glass substrate, a shielding metal layer is deposited on the glass under the silicon in order to create the same electrical potential for both silicon and glass, preventing charging effect [lo] . As a result, sense fingers have ideal vertical sidewall profile as seen in Figure 7 . Figure 9 shows the hybrid system assembled onto a PC board and mounted in a standard 24-pin IC package. The sensor and the interface circuit are packaged close to each other to minimize the parasitics. Note that the sensor die includes several devices and only one is connected to the readout circuit.
The hybrid system has been tested for sensitivity and resolution in open-loop configuration. The open-loop tests have been performed on a dividing head, in a l g gravitational field, by changing the acceleration on the sensor from -1g to +lg. The sensor has a measured openloop sensitivity of -140fF/g, which is lower than expected because of the larger sensing gap distance (3.2pm) than designed (2.0pm). Figure 10 shows the open-loop test results for the hybrid system with respect to acceleration indicating a sensitivity of -4OmV/g. This result matches with the expected value since the readout circuit itself has a voltage gain of 330mV/pF. Noise floor of the system is measured using a dynamic signal analyzer HP3561. Figure   11 shows the measured output noise spectrum of the complete module with a dc input of l g showing a noise floor better than 100pg/dHz. 
DISCUSSION
Resolution of the hybrid system can be improved by increasing the circuit gain with laser trimming the integration capacitances. Moreover, from Equation 6, resolution could be further improved by a factor of 4 when thickness of proof mass increases to a full wafer thickness, while maintaining etching aspect ratio (12Opd3.2ym).
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